Plasmonic structures are known to confine light at the nanometer scale, and they exhibit enhanced electromagnetic fields localized in small mode volumes. Here we study plasmonic resonators based on a metamaterial consisting of periodic arrays of gold nanotubes embedded into anodic aluminum oxide and demonstrate strong confinement of local fields with low losses. We observe higher-order resonance modes of surface plasmons localized in gold nanotubes when the nanotube length exceeds some critical values. Our numerical simulations suggest that for the higher-order modes, the electric fields are mainly localized at the interfaces between aluminum oxide and gold in the form of the standing-wave longitudinal plasmonic modes, partially localized in the pores and at two ends of the nanotubes owing to the strong coupling of the Fabry-Pérot resonances with extraordinary optical transmission in the periodical structures through the inner nanochannels of the nanotubes, so that the nanotubes play a role of efficient cavity resonators. We reveal the existence of hybrid resonant cavity modes with asymmetrical distributions of the electric field resulting from the near-field coupling of both transverse and longitudinal modes in the gold nanotube metamaterials.
Plasmonic structures are known to confine light at the nanometer scale, and they exhibit enhanced electromagnetic fields localized in small mode volumes. Here we study plasmonic resonators based on a metamaterial consisting of periodic arrays of gold nanotubes embedded into anodic aluminum oxide and demonstrate strong confinement of local fields with low losses. We observe higher-order resonance modes of surface plasmons localized in gold nanotubes when the nanotube length exceeds some critical values. Our numerical simulations suggest that for the higher-order modes, the electric fields are mainly localized at the interfaces between aluminum oxide and gold in the form of the standing-wave longitudinal plasmonic modes, partially localized in the pores and at two ends of the nanotubes owing to the strong coupling of the Fabry-Pérot resonances with extraordinary optical transmission in the periodical structures through the inner nanochannels of the nanotubes, so that the nanotubes play a role of efficient cavity resonators. We reveal the existence of hybrid resonant cavity modes with asymmetrical distributions of the electric field resulting from the near-field coupling of both transverse and longitudinal modes in the gold nanotube metamaterials.
Introduction
Realization of strong light-matter interaction is the fundamental problem of nanophotonics that aims designing subwavelength optical components. [1] Enhancement of the light-matter coupling can be achieved by using resonant cavities with high Purcell factors. [2] Enhancing the Purcell factor, which is directly proportional to the cavity quality factor Q and inversely proportional to the mode volume V, can be achieved by either increasing Q or decreasing V. [3] In general, dielectric cavities based on Fabry-Pérot resonators, whispering gallery modes, and photonic crystals demonstrate very high values of Q, [4] but their modal volumes are large. For the conventional dielectric cavities, reducing the modal volumes or physical sizes to the nanometer scale is restricted by the diffraction limit of light. Moreover, in many cases, for a relatively small modal volume, the optical modes of conventional cavities cannot match the modes to form the plasmon polaritons required by momentum and energy conservation for the efficient coupling. In contrast, plasmonic resonant cavities are capable of confining light at the nanometer scale, which leads to both enhanced local electromagnetic fields [5] [6] [7] [8] [9] and low mode volumes, [1, [9] [10] [11] [12] and suggest promising applications for subwavelength optics and nanolasers, [13] [14] [15] [16] nanoantennas, [17] [18] [19] sensing, [20] [21] [22] [23] enhanced nonlinear effects, [18, [24] [25] [26] [27] Surface enhanced Raman scattering, [8] and solar cell elements, [28, 29] to name a few.
Since Ditlbacher et al. demonstrated plasmonic resonators based on silver nanowires, [30] metal nanorod-types structures have been exploited extensively for a design of plasmonic resonators. [30] [31] [32] [33] [34] [35] [36] In such structures, surface plasmon polaritons (SPPs) excited at the metaldielectric interfaces are reflected backward and forward between the metal nanostrip terminations resulting in Fabry-Pérot resonances. [30, 32, 33] Although the metal nanostrips have very small mode confinement, very large Ohmic losses occur at the single metal-dielectric interface of the metal nanostrips. In this case, the enhancement of mode coupling through engineering of multiple metal-dielectric interfaces could lead to a reduction of the Ohmic losses. When two metal-dielectric interfaces are close to each other, the coupling between SPPs at the two interfaces gives rise to antisymmetric and symmetric modes, which correspond to the short range surface plasmons (SRSP) or slow SPP modes and long-range plasmons (LRSP) or fast SPP modes. [19, 34] When the metal nanostrips bounded on two symmetric dielectric layers support the short-range and long-range SPP modes, the dielectric layer embedded in two metal nanostrips supports the gap plasmon (long-range SPP) modes. [37] [38] [39] [40] [41] [42] [43] The SRSP mode is very strongly bound to the metal strips and the LRSP mode is weakly confined to the metal strips. As the consequence, the former is characterized by larger Ohmic losses. Hence, the trade-off between localization and loss is crucial to design good-quality plasmonic resonant cavities. [44] Generally, it is difficult to obtain simultaneously very low losses and extremely strong confinements of electric fields in the plasmonic resonators based upon individual structures covering the traditional insulator-metal-insulator (IMI) and metalinsulator-metal (MIM) geometries.
In this paper, we suggest a novel type of plasmonic resonators based on periodic coupling of arrays of gold nanotubes embedded in anodic aluminum oxide (AAO). We notice that gold nanotubes demonstrate versatile performances for the plasmonic resonators. Beside the advantage of strong coupling at periodic metal-dielectric interfaces in the structures such as gold nanorods and nanowire arrays, [45] [46] [47] the gold nanotubes with a hollow geometry are similar to the subwavelength hole arrays which exhibit the effect of extraordinary optical transmission [48] [49] [50] leading to sharper Fabry-Pérot resonances originating from the reflections at the nanotube terminations. In this case, the metamaterials composed of an array of gold nanotubes becomes a promising candidate for plasmonic resonators since it allows to achieve both strong confinement of electric fields at the nanotube walls with low losses. On the other hand, the measurement of the reflectance suggests that the longitudinal resonance exhibits high-order modes, and the number and frequency of the longitudinal modes can be tailored by tuning the nanotube length. Furthermore, the electric field distributions of the plasmonic resonators simulated by using FDTD demonstrate that the electric fields at the surfaces of the gold nanotube have standing-wave patterns for the longitudinal resonance modes with different orders. Moreover, the harmonics of the standing waves with odd and even orders can be excited for the different nanotube lengths, and the harmonic modes can be selected by varying the nanotube length. We observe asymmetric T-L hybrid plasmonic modes originating from the coupling of transversal and longitudinal resonances, which depend on the structure parameters of the gold nanotube arrays. The proposed plasmonic resonators can provide fundamental background for novel nanophotonic devices and efficient sensing of organic molecules.
Results and discussion

Assembly and characterization of plasmonic gold nanotube arrays
Gold nanotube arrays are synthesized successfully by using a galvanostatic electrodeposition process into the nanochannels of the AAO membranes, meanwhile, the controllable formation of the gold nanotubes strongly depends on the thickness of the gold film as the working electrode with tube-like framework geometry (Figure 1 a) , the constant current based on a chronopotentiometry technique action, and the electrodeposition time. Figure 1 b-f shows the deposition potential with the time during the electrodeposition of the gold nanotube arrays when the current is fixed to -0.5 mA (vs Ag/AgCl). It can be seen that the deposition potential first dramatically declines and then tends to be stable, which results from the first nucleation and the subsequent growth processes of the gold nanotubes. Moreover, the length of the Au nanotubes can be tuned by changing the electrodeposition time from 500 s, 600 s, 900 s, 1600
s, and to 1900 s. Figure 2 a-e shows the SEM images of the Au nanotube arrays embedded in the AAO membranes with the same diameter (e.g., inner diameter = 20 nm, outer diameter = 55 nm) but different lengths from 205 nm, 300 nm, 390 nm, 440 nm to 670 nm (The length distribution histograms has shown in the supporting information Figure S1 ), which correspond to the electrodeposition time of 500 s, 600 s, 900 s, 1600 s, and 1900 s, respectively.
Measurements of plasmonic cavity modes of gold nanotube arrays
The reflectance measurements indicate the cavity modes of LSPs in the Au nanotube arrays can be tailored by the length of the nanotubes (Figure 3 a- by the following theoretical simulation. These experimental measurements indicate that the resonance modes with the same orders red shifts with increasing the nanotube length, and the resonance mode with different orders appears when the nanotube enhances to those specific lengths (e.g., 390 nm and 670 nm).
Simulation of plasmonic cavity modes and electric field distributions of gold nanotube arrays
On the other hand, the resonance mode and their electric field distributions of LSPs in the gold nanotube arrays embedded in the AAO membranes can be simulated by using FDTD method under the perfect matched layer (PML) condition. TE-polarized light was used to simulate reflectance spectra since resonant extinction is similar to those observed in the reflectance measurements. The refractive index of the AAO membranes is 1.61. Furthermore, the longitudinal resonance modes remarkably depend on the nanotube length.
For instance, the longitudinal resonance mode L1 of the gold nanotubes with the length of 205 nm appear at 700 nm ( Figure 4a ) and redshifts to 870 nm when the nanotube length increases to 300 nm (Supporting Information Figure S2 ). It has been noted that there are some differences in the simulated and experimental peak positions, which may result from the fact that the gold nanotubes are assumed to have perfectly smooth surfaces in the simulations. In fact, the surfaces of the fabricated gold nanotubes are not very smooth, and the nanotube lengths are not very uniform, so some scattering losses at the surfaces of the nanorods are inevitable. On the other hand, during our FDTD simulation, to simplify the calculation, we select 1.61 as an effective refractive index of the AAO membranes. Actually, the refractive index depends on the wavelength, which presents a relatively large fluctuation when the wavelength is smaller than 1000 nm while that exhibits flat spectra when the wavelength is larger than 1000 nm. In this case, the selected effective refractive index is close to its actual value at longer wavelengths but that deviates from the actual value at short wavelengths, which may result in the differences in the theoretical and experimental spectra at shorter wavelengths compared with those at longer wavelengths. Furthermore, the electric field It has been noted that, when the nanotube length increases to 670 nm, the T-L hybrid plasmonic mode is not very obvious and its electric fields are mostly concentrated on the region close to the bottom sections covering the nanotube length of about 300 nm from the bottom section, which is associated with the weak coupling effect between the transversal and the longitudinal resonances owing to the long nanotubes (Figure 5c) . Furthermore, the electric field distribution indicates the longitudinal resonance modes marked with L2, L3, and L4 performs a four-, six-, and eight-quarter waves or a two-, tree-, and four-half waves, respectively (Figure 5f, 5e and 5d), note that resonance mode L1 is out of the spectrum range.
The standing-wave mode is confined by an antinode at both the incident and emergent ends, and the dispersion relation take the form
Where the order of the harmonic is 2i, the resonance mode marked with L2 performs the standing-wave with four quarter-wavelengths in the cavity where 2i=4 (i=2) denotes the fourth harmonic, that marked with L3 demonstrates the standing-wave mode including six quarter-wavelengths where 2i=6 (i=3) represents the sixth order harmonic, that marked with L4 presents the standing-wave mode with eight quarter-wavelengths where 2i=8 (i=4) is the eighth order harmonic. Therefore, the higher-order harmonic modes in the nanotube resonators appear at the higher frequencies or shorter wavelengths, and the harmonics of the standing waves with even orders appears for the nanotubes when the nanotube length increases to 670 nm. Similar to the longitudinal resonance modes with the odd order harmonics in the nanotube arrays with 390 nm 440 nm lengths, the electric fields of the longitudinal mode located in the pores of the nanotubes attenuate to zero with decreasing the order of the harmonic from the eighth, the sixth to the fourth orders.
In addition, it is observed that the thickness of the nanotube walls has remarkable effects on both the resonance wavelengths and the electric field distributions of the T-L hybrid 
Conclusion
We have studied, both theoretically and experimentally, novel plasmonic cavity resonators based on a metamaterial consisting of arrays of gold nanotubes embedded in anodic aluminum oxide membranes. Optical measurements have suggested that the longitudinal modes with different orders are excited when the nanotube length increases to specific values.
The number of the high-order modes increases with the nanotube length, and the resonance mode shifts to higher frequencies or short wavelengths when the mode order grows. The longitudinal resonant modes of the same order red shift with increasing the length.
Additionally, the resonant modes and electric field distributions in the plasmonic resonators based on the arrays of gold nanotubes have been simulated numerically by the FDTD method, the numerical results have been found to be consistent with the experimental data.
Furthermore, the electric fields of the transversal resonance mode are concentrated at the incident edges of the nanotubes, but the electric fields of the longitudinal resonance modes are mainly localized at the outer surfaces of the nanotubes being partially distributed at the interfaces between the air (pores) and inner walls as well as the two ends of the nanotubes, especially for the gold nanotube arrays with short lengths, thin walls and higher order harmonics. In addition, the electric fields on the surfaces of the gold nanotube walls have standing-wave patterns for the longitudinal resonance modes with different orders, therefore, the arrays of gold nanotubes can serve as efficient plasmonic resonators, which originates from the Fabry-Pérot resonances between the metal terminations. Moreover, the standing waves with odd and even orders appear for the different nanotube lengths, and they can be controlled by the nanotube length. On the other hand, we have found the T-L hybrid plasmonic modes with asymmetrical distribution of the electric field, which originates from the plasmonic near-field coupling between the transversal and longitudinal modes with the different orders. We have demonstrated that the thickness of the nanotube walls has a remarkable effect on the T-L hybrid plasmonic modes, and the electric fields of the T-L hybrid plasmonic mode is enhanced significantly with decreasing the nanotube walls, in particular, the longitudinal resonance modes with both seventh and fifth orders couple to the transversal resonance modes for very thin walls of 5 nm and excite the T-L hybrid modes. We have also found that the electric fields of the longitudinal mode localized in the pores of the nanotubes depend strongly on the harmonic order of the standing-wave modes and the lengths as well as the nanotube walls. We believe that these novel plasmonic resonant cavities based on the arrays of gold nanotubes can provide the basis for applications in nanophotonic devices.
Experimental Section
Synthesis of anodic aluminum oxide (AAO) membranes: First, AAO membranes were fabricated by a two-step anodization method. High-purity aluminum sheets (99.999%, 0. 
Preparation of gold nanotube arrays:
The gold nanotube arrays were synthesized by using a galvanostatic electrodeposition process into the nanochannels of AAO (Figure 1 a (1)) in a conventional three-electrode cell (Supporting Information Figure S4) . A very thin layer of gold film (50 nm) with a tube-like framework geometry sputtered onto the surfaces of the AAO membranes was served as a working electrode (Figure 1 a(2) ), where the framework geometry was worked as nucleation points to grow the gold nanotubes, the graphite and the Ag/AgCl electrode were used as a counter and a reference electrode, respectively. The We used the Drude model to determine the dielectric function of gold and the data base of the permittivity was given by Johnson Christy. [52] A broadband TE-polarized plane wave (300 nm to 2200 nm) with size of 1050 nm×1050 nm in a x-y plane, underneath the bottom of the whole hexagonal packing gold nanotubes array, was employed to propagate in the positive zdirection with a specific inclined angle (8° deviation from the z-axis), which is consistent with the experimental configuration. The mesh size was high accuracy auto non-uniform type to ensure its sufficiency for simulation meanwhile with an appropriate computer memory costs.
[53] The simulated reflectance spectra were obtained from the x-y plane below the light source plane with a distance of 150 nm. The field distributions of hybrid nanocavity array were extracted from a 650 nm×600 nm y-z plane located in the middle of nanotube arrays.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Gold nanotube arrays worked as efficient plasmonic cavity resoantors are successfully synthesized by a template-based method. Odd and even harmonics with standing-wave modes are tuned by nanotube length. T-L hybrid cavity modes dependent on wall thickness and length of nanotubes, perform electric fields localized into pores and at two ends based on extraordinary optical transmission coupling effect through inner-nanochannels. 
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